In this Letter, we report externally confirmed total area efficiencies exceeding 12.8% for CdS/Cu(In,Ga)S 2 based solar cells. These are the highest reported confirmed efficiencies of CdS/Cu(In,Ga)S 2 based thin film solar cells. The Cu(In,Ga)S 2 absorber was prepared from sputtered metals subsequently sulfurized using rapid thermal processing in sulfur vapor. Basic structural and electrical properties of the devices are presented.
Introduction
In the last decades, investigation of wide gap chalcopyrite materials, in particular CuInS 2 (CIS), has grown considerably. The interest in these materials is beyond the laboratory scale. Application and technology scale up have already been introduced by companies such as Soltecture, which established a pilot production of CIS based thin film solar modules in Berlin [1] . According to Shockley and Queisser's calculations, the maximum conversion efficiency that a single junction solar cell can achieve would be from an absorber material with a band gap ranging between 1.2 to 1.4 eV [2] . Therefore, CIS is expected to lead theoretically to higher solar cell efficiencies, compared with what has been achieved experimentally so far, if we consider its band-gap energy of 1.5 eV which is close to optimum. However, CdS/CuInS 2 based solar cells still suffer from a low open-circuit voltage. Incorporation of gallium has led to a significant improvement in device performance. A CdS/Cu(In,Ga)S 2 based solar cell with an efficiency of 11.2% was reported by Watanabe and Matsui [3] , and Jahagirdar et al. [4] achieved a confirmed efficiency of 12% by optimizing the thickness of the i-ZnO layer in a Cu(In,Ga)S 2 based device where the absorber was prepared by the sulfurization of metallic precursors in H 2 S. Recently, our group reported a Cu(In,Ga)S 2 solar cell showing an efficiency of 12.6% together with an open-circuit voltage of 879 mV confirmed by NREL [5] . Based on previous investigations [5] [6] [7] [8] , we have further modified the baseline process for the growth of Cu(In,Ga)S 2 (CIGS) absorbers. In the present Letter, we report CIGS based solar cells with record efficiencies exceeding12.8% certified by the Fraunhofer Institute (ISE) and achieved after that modification.
Absorber growth and device fabrication
An In/(Cu,Ga) precursor layer stack was deposited by DC magnetron sputtering on Mocoated float glass substrates. In/(Cu,Ga) refers to a layer of In followed by a layer sputtered from a (Cu,Ga) alloy target. [8, 9] . The sputtered layers were heated together with elemental sulfur, which was provided as granules, in a quartz enclosure by radiation from halogen lamps. Precursors were preannealed in the chamber. Then, the sulfurisation was carried out at nominal temperatures of about 560 ºC for 3 min. An additional high temperature phase, a few seconds at 630 °C, was introduced here with the aim of promoting the interdiffusion of the Inrich and Ga-rich ternary phases [9] . This interdiffusion (which is mandatory for good device performance) was previously achieved by higher dwell temperatures, but those were problematic with regard to glass softening, molybdenum layer stress and homogeneity over larger areas [5, 7, 8] . Cu x S forms on CIGS during sulfurization and is removed by KCN etching. After the absorber growth and the etching, the solar cells were completed by depositing the CdS buffer layer and a transparent ZnO/ZnO:Al window layer. Finally, Ni-Al grids were evaporated. The solar cells received a MgF 2 anti-reflection coating.
Device characterization
In Fig. 1 the current-voltage I(V) characteristics of a champion CIGS based solar cell, prepared as described above, are presented. The measurement was performed at the Fraunhofer ISE calibration laboratory. For an area of 0.54 cm 2 , a confirmed efficiency (η) of (12.8±0.4)% was achieved. The solar cell shows an open-circuit voltage (V oc ) of (814±4) mV, a short-circuit current density (J sc ) of (22.7±0.6) mA/cm 2 and a fill factor (FF) of (69.0±0.7)%. Compared to our previously confirmed efficiency of 12.6% [5] , this sample shows an improved photocurrent collection and consequently a higher J sc . The dark I(V) characteristics were fitted using the single diode model. A diode ideality factor A of 1.9, a saturation current density J o of about 4 x 10 were extracted. Temperature dependent current-voltage measurements I(V,T) were carried out between 150 and 320 K to investigate recombination mechanisms in the device. The dark and light temperature dependencies of the ideality factor are shown in Fig. 2 (a) . Under illumination, the ideality factor A is below 2 and is temperature independent, which indicates a thermally activated recombination mechanism. However, in the dark, the diode ideality factor is temperature dependent which is typical for a tunneling dominated recombination process. An open circuit voltage of 1.3 V at 0 K is extrapolated from the plot of the open circuit voltage as function of temperature [10] shown in Fig. 2 (b) . Recombination in the bulk should result in a V oc (0 K) ≈ 1.53 V corresponding to the band gap of the absorber. Interface recombination gives however a V oc (0 K) = E b /q [11] where E b is the effective recombination barrier height and q the elementary charge. For our cell, V oc (0 K) ≈ 1.30 V which is smaller than the band gap energy indicating therefore that the device is limited by interface recombination, as previously found in our CIGS based solar cells [12, 13] .
The elemental distributions in and the microstructure of CIGS were investigated. Fig. 3  (a) and (b) show the scanning electron microscopy (SEM) image and electron backscatter diffraction (EBSD) pattern quality map, respectively, whereas Fig. 4 (a) shows energy dispersive X-ray (EDX) elemental distribution maps all acquired at the identical position of the new record efficiency solar cell. The SEM cross-section image shows a very rough absorber surface with depressions reaching 700 nm. Large voids close to the back-contact, which have been found previously in our CIGS samples [7] are also visible. They are probably caused by outdiffusion of material to the surface during the growth of the chalcopyrite. The EBSD map shows clearly a dual microstructure of the CIGS absorber with two distinct layers composed of several grains with different orientations visible from the corresponding EBSD orientation distribution map, not shown here. The grain sizes are significantly smaller in the bottom layer and vary between 0.5 and 1 μm whereas they reach 2 m in the upper layer. In Fig. 4 (a) the EDX elemental distribution maps were acquired using an acceleration voltage of 7 kV. The signals of the Si-K, Mo-L, Ga-L, In-L, Cd-L and Zn-L lines are given superposing a SEM image. The layered structure of the CIGS absorber is apparent, where the Ga-rich phase remains at the back of the CIGS layer while the In-rich one is located close to the CdS/ZnO layers [14] . However, here interdiffusion has clearly taken place between CuGaS 2 (CGS) and CIS as evidenced by the colored patterns. The layered structure results from the growth kinetics of CIGS (prepared by a sequential process) where CIS and CIG are formed separately at slightly different points in time [5, 6, 9] . CIGS forms only later in the process by the interdiffusion of CIS and CGS [9] .
In Fig. 4 (b) , the EDX elemental distribution profiles extracted from the maps in Fig. 4  (a) are plotted against the CIGS layer depth. We focus here on the Cu, In, Ga and S distributions. The position of the Mo and CdS buffer layer are indicated in the figure. Note that since the S related signals include the signature of the CdS buffer layer, it extends 50 nm beyond the absorber thickness. The gallium concentration is highest close to the back contact and decreases gradually towards the surface. However, gallium is still detected unambiguously in the CIGS adjacent to the CdS layer. Taking into account a signal broadening of about 300 nm due to the electron excitation at 7 keV, the width of the interdiffusion zone between the In-rich phase and the Ga-rich phase is estimated to be 1 μm. A gallium content of about 3-4 at.% is detected in the part of the absorber adjacent to the CdS layer. This supports the assumption of increase in band-gap energy at the top of the absorber compared with that of pure CIS. In Fig. 5 , the gallium distribution profile of the 12.8% efficient solar cell is plotted together with that of our previous best solar cell [5] with an efficiency of 12.6%, an open circuit voltage of 879 mV, a short circuit current of 20.4 mA/cm 2 and a fill factor of 70%. One can see clearly that the two cells show a different gallium distribution profile through the absorber thickness. Both absorbers show a double graded like Ga/(Ga+In) ratio profile with a Ga/(Ga+In) ratio of 0.06 and 0.30 at the surface for the 12.8% and 12.6% efficient cell respectively.
In Fig. 6 (a) are plotted the external quantum efficiencies (EQE) of the 12.6% and 12.8% efficient cells in addition to the quantum efficiency of a reference solar cell with an efficiency of 7.8%, an open circuit voltage of 657 mV, a short circuit current of 20.2 mA/cm 2 and a fill factor of 59%. The reference solar cell absorber was prepared using the experimental conditions described in this work however the additional high temperature step was omitted for comparison. One can see clearly that the reference solar cell has a much lower quantum efficiency not exceeding 80% compared to the champion cells. A shift is also observed in the blue region of the spectrum for the reference sample. This shift is, however, merely due to using the conventional undoped ZnO (i-ZnO) in the window layer instead of Zn(Mg, O) as in the champion cells. The band-gap of the absorber in the reference cell was estimated from the first derivation of the EQE as function of photon energy and was found to be 1.50 eV. This points to a layered structure of the absorber, with CuInS 2 at the top and CuGaS 2 at the bottom, and proves the efficiency of the additional heating step, that was introduced to the process described in this work, in promoting the interdiffusion between the Ga-rich and In-rich ternary phases. The 12.8% efficient solar cell shows a better current collection between 500 and 800 nm compared to the 12.6% efficient solar cell. It also shows that the 12.8% efficient solar cell has a steeper absorption edge indicating a better current collection in the red region side. This suggests that the two absorbers have a different Ga distribution through the thickness as shown by the EDX elemental distribution profiles in Fig.  5 . In Fig 6 (b) are plotted the resulting simulated external quantum efficiencies of the 12.8% and 12.6% efficient solar cells using the program SCAPS [15] . The typical parameters for CIGS based solar cells were kept constant except the gallium grading within the absorbers which was varied according to the depth profiles shown in Fig. 5 . The vacuum level was kept constant and the valence band edge of the absorbers was graded below band-gap energies of 1.75 eV in both solar cells. The simulated solar cell characteristics are gathered in table1. The solar cell with the absorber prepared using the old process gives a much larger open circuit voltage of 1081 mV and a lower short circuit current compared with those of the sample prepared using the modified process which is consistent with the larger amount of gallium at the absorber surface as measured by EDX. The back grading seems however insufficient to result in a higher current collection. While it is difficult to carry out a full statistical analysis for a laboratory scale process, where the number of cells is limited and where the parameters are changed frequently, the characteristics of our best externally certified solar cells prepared using the old and modified process are gathered in table 1. One can see that the samples prepared using the old process show a higher open circuit voltage reaching 882 mV whereas the ones prepared using the modified process show either a better current collection or a better fill factor as demonstrated by the simulations. Note that an efficiency of 12.9% was achieved 17 months after the 12.8% efficiency obtained using the modified process. These two solar cells which are characterized by a rather good current collection or fill factor support the hypothesis that an optimum gallium distribution profile is mandatory for high efficiencies.
Recently, low band-gap Cu(In,Ga)Se 2 based solar cells have achieved an efficiency of 20.3% [16] . The question what limits the efficiency of the sulfide based cells compared to the selenide ones is a very pressing issue and an unambiguous theory would greatly enhance our understanding of chalcopyrite-based cells. The different Cu-stoichiometry and the etching treatment are one significant difference between the sulfide and the selenide cells and may well be one reason for the different dominant recombination mechanism [12, 17] . On the other hand, it is well known that the very high efficiency of selenide cells can be maintained only up to a certain band gap of the absorber. If, after the recent improvements of the sulfide cells, we now compare them to selenide cells with the same wide band gap there is no longer a significant difference in performance [18] . This suggests that the absorber band-gap has a stronger influence on the performance than the Cu stoichiometry and the etching.
Summary
We presented CIGS based solar cells with efficiencies reaching 12.9% prepared using a modified baseline process. These are the higher externally confirmed efficiencies for sulphide based solar cells. These devices show a different gallium distribution profile compared with the old process that results in a higher current collection or fill factor. Elemental distribution profiles of Cu, In, Ga and S extracted from the elemental distribution maps in (a) and plotted against the absorber layer depth, measured at the same area. The resulting simulated solar cell characteristics calculated for the 12.8% and 12.6% efficient solar cells using the gallium distribution profiles represented in Fig.5 . O: refers to the old baseline process described in [5] . M: refers to the modified baseline process described in this work. 
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